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Abstract

The ultra-high temperature structural intermetallic MosSi; has been studied for alloy processing, physical properties, and
mechanical behavior. High purity single crystals of MosSi; have been synthesized by both optical floating zone and Czochralski
methods. Structural, thermal, and elastic properties of MosSi; single crystals were measured by X-ray powder diffraction, thermal
mechanical analysis, and resonant ultrasound spectroscopy, respectively. Results show that the thermal expansion of MosSis, a
tetragonal structure with 14/mcem symmetry, is strongly anisotropic along the a and ¢ directions with « /o, =2.2. Single crystal
elastic moduli of MosSi; indicate that it has less elastic anisotropy and lower shear modulus than most transition metal disilicides.
The impacts of these physical properties on alloy processing and mechanical behavior are discussed. Room temperature Vickers
indentation tests on the (100) and (001) planes have been performed for different orientations of the indenter diagonal and the
corresponding hardness, fracture toughness, and deformation behavior have been obtained as a function of the crystallography.
Finally, the physical properties and mechanical behavior of MosSi; are compared with those of other high temperature structural

silicides, e.g. MoSi,. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

High temperature structural applications require
materials with a high melting point, high strength, good
oxidation resistance, and excellent creep behavior at
elevated temperatures. Many intermetalllic phases offer
these desired properties, e.g. nickel aluminides, [1-3]
titanium aluminides, [4] transition metal disilicides,
[3,5,6] and Laves phase alloys. [7] Among these phases,
refractory metal silicides appear to be more attractive
because of their ultra-high melting temperatures and
excellent oxidation resistance. [4]

For the refractory metal silicides, the intermetallic
phases in the Mo-Si system show promising potentials
because Mo has a lower density compared to other
refractory metals and Mo does not embrittle with oxy-
gen and nitrogen volatilization. In the Mo—-Si system,
there are three intermetallic phases, i.e. C11y-structured
MoSi,, Dgy-structured MosSi;, and AlS5-structured
MosSi. [8] MoSi, has been studied extensively as a
potential high temperature structural material. MosSi;
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and Mo3Si are receiving more attention recently in
studies of their physical properties and mechanical
behavior.

MosSi; belongs to the space group 14/mcem (140). As
a body-centered tetragonal lattice (tI32), it has 20 Mo
atoms and 12 Si atoms in the unit cell. MosSi; has the
following structural characteristics: (1) its a-lattice
parameter is larger than its c-lattice parameter (a/c~2),
which is different from those of typical tetragonal high
temperature structural intermetallics, e.g. MoSi, and
TiAl; (2) it has no close-packed planes, which is also
different from those of the typical tetragonal high tem-
perature structural intermetallics, e.g. MoSi, and TiAl;
and (3) the —Si—-Mo-Si- chains in MosSi; are along [100]
and [010] directions (these chains may also be along
other directions, e.g. <331]) and the -Mo-Mo- and —
Si-Si— chains are along [001] direction. On the other
hand, the —Si-Mo-Si— chains in MoSi, are along [001]
direction and the -Mo-Mo- and -Si-Si— chains are
along [100] and [010] directions. It is believed, in gen-
eral, that the interatomic bonding strength of the —Si—
Mo-Si— chains is stronger than those of the -Mo—Mo-—
and —Si—Si— chains. MosSi; has a very high melting point
of 2180°C, [8] which is substantially higher than that of
MoSi, (2020°C) and a reasonable density of 8.19 gecm 3,
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which is higher than that of MoSi, (6.3 gcm~3). There-
fore, it is considered as a promising ultra-high tempera-
ture structural material. In addition, MosSi; has a
relatively large range of nonstoichiometry (2-3 at.%),
compared to MoSi, which is basically a line compound,
according to the Mo—Si phase diagram. [§]

Owing to the potential advantages of MosSis, either
in monolithic or multi-phase systems, detailed studies
for the fundamental physical-mechanical properties
have been initiated. This first report explores the synth-
esis of high-quality single crystals and the measurement
of physical and mechanical properties. In Section 2, the
experimental procedures are outlined. Main results and
discussion are presented in Section 3, including the fab-
rication of MosSi; single crystals and their structural,
thermal, elastic and mechanical properties. Finally,
conclusions are drawn in Section 4.

2. Experimental procedures
2.1. Synthesis of the MosSis; single crystals

Elemental Mo and Si with nominal purities of 99.97
at.% and 99.95 at.% were chemically cleaned before
alloying. MosSi; alloys were made in the form of arc-
melted buttons and rods by arc-melting. In the process,
the alloys were turned over and melted three times in
an argon atmosphere in order to ensure chemical
homogeneity.

Single crystals of MosSi; were grown by the optical
floating zone technique using arc-melted rods and by
the Czochralski method using a tri-arc crystal growth
furnace and arc-melted buttons. In the optical floating
zone method, a dual-mirror system with 3.5 kW lamps
was used. Typical rotation rates for both the seed crys-
tal and feed rod were 30-40 rpm. The crystals were
grown at a rate of 7mm h~!. In the Czochralski method,
typical rotation rates for both the crystal and melt were
about 20 rpm and the crystals were grown at a rate of 11
mmh~!. In order to prevent oxidation and silicon eva-
poration, the single crystal growth was carried out
under ~10 psi pressure of flowing ultra-high purity
argon atmosphere for both methods.

Chemical analysis was conducted for both the as-
melted polycrystals and the as-grown single crystals of
MosSi;. In this analysis, the Mo and Si contents were
analyzed by direct current plasma emission spectro-
scopy. The oxygen and nitrogen contents were char-
acterized by inert gas fusion experiments.

2.2. Measurement of the physical properties of MosSiz
Using these crystals, the structural, thermal and elas-

tic properties of MosSi; were measured. In the struc-
tural property study, X-ray powder diffraction (XRD)

experiments were performed on powder samples made
from as-melted alloys to precisely determine its crystal
structure and lattice parameters. The XRD patterns
were obtained with a Scintag X-ray diffractometer (Cu
K, radiation with 2 =0.15406 nm) at room tempera-
ture. The lattice parameters were determined from a
least-square fit.

In the thermal property investigation, the thermal
expansion of single crystal MosSi; was examined using
a Perkin-Elmer DMA-7 thermal mechanical analyzer
(TMA) operated in TMA mode in the regime 298-
773K. The coefficients of thermal expansion (CTE)
along the a and ¢ axes were measured on a rectangular
parallelepiped specimen (5 mm [100]x 5 mm [010] x4 mm
[001]), which was cut using a diamond wafer blade from
the as-grown single crystal after orienting it using the
Laue back reflection technique and polished using SiC
papers and lapping films. The CTE along the a axis was
obtained from the measurement along the larger
dimension (S5mm) and the CTE along the ¢ axis was
obtained from the measurement along the shorter
dimension (4 mm).

The room temperature single crystal elastic moduli of
MosSi; were measured by resonant ultrasound spectro-
scopy (RUS). [9] The single crystal MosSi3 specimen
was cut and polished, as described above, into a rec-
tangular parallelepiped geometry with dimensions
x;=3.217+£0.002 mm, x,=2950+0.001 mm, and
Xx3=23.702+£0.003 mm. The Laue back reflection X-ray
technique was used to orient x; parallel to [100], x,
parallel to [010] and x5 parallel to [001]. The mass den-
sity of the specimen was determined from its dimensions
and mass. The room temperature single crystal elastic
moduli were determined using 70 resonant frequencies
from 0.45-1.82 MHz. Using these clastic constants, the
elastic Debye temperature (®p) of MosSiz can be cal-
culated from the relationship: [10]

h (3Nog\'?
®D—E(m) Vi )

Here, /h and kjp denote the Planck and Boltzmann con-
stants; Ny is the number of independent three-dimen-
sional oscillators in a volume V; and v,, denotes the
mean sound velocity defined by:

M
Z ViS4 207 )

where v; and v, indicate longitudinal and transverse
velocities in the ith propagating direction, respectively,
and M is the number of all propagating directions. For
this study, we chose M =70. v; and v, can be determined
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from the measured c; and mass-density by solving the
usual Christoffel equations [10] in the relevant propa-
gation direction.

2.3. Characterization of the mechanical properties of
M05Si3

Room temperature Vickers indentation tests were
performed on the (100) and (001) planes of MosSi; sin-
gle crystals with different orientations of the indenter
diagonal using a Micromet 4 microhardness tester. The
applied load was 1000 g for 10 s. For each orientation of
the indenter diagonal on each plane, five indents were
made and the average values of the indentation impres-
sion and crack length measurements were obtained from
the five indents. Using these averaged values, the Vick-
ers hardness of MosSi; single crystals along an orienta-
tion on a specific plane was calculated using: [11]

P
H= 1854 3)

where P is the load along the orientation on the plane
and d is the impression diagonal average. The corre-
sponding indentation fracture toughness of MosSi; was
roughly estimated from: [11]

E\'Y? p
K:0.0l6(ﬁ> 5 4)

where c is the radial crack length average. E and H are
the Young’s modulus and hardness for the correspond-
ing orientation. The impressions and cracks of the
indents were further characterized using a JEOL 6300
scanning electron microscope with a field emission gun.

3. Results and discussion

The Laue back X-ray reflection patterns of the as-
grown MosSis single crystals along the [100] and [001]
axes are shown in Fig. 1. The patterns clearly indicate
the 2-fold symmetry along the [100] axis and the 4-fold
symmetry along the [001] axis. Chemical analysis results
for Mo, Si, O, and N are tabulated in Table 1. It can be
seen from Table 1 that the polycrystalline MosSiz
experienced some silicon loss during arc-melting, and
single crystal MosSi; had further silicon loss during
crystal growth because of the silicon evaporation in
these processes. However, these losses are minimal,
being less than 0.5 at.%, so that the compositions of
the alloys are still in the single phase region according
to the Mo-Si phase diagram. [8] Using the data shown
in Table 1, excess silicon can be added prior to the

alloying process in order to precisely control the stoi-
chiometry of MosSis. It can also be found from Table 1
that the O and N impurities are very low in both poly-
crystalline and single crystal MosSi; alloys, indicating
that the techniques can be successfully employed to
synthesize high purity MosSi; single crystals. Using
these crystals, the following properties of MosSis have
been investigated.

3.1. Structural properties

Fig. 2 is the room temperature XRD pattern of
Mogr 75513755 (~Mo0sSi3) powders, showing a Dgpy-
structured phase. A detailed examination of this XRD
pattern indicated that there is virtually no peaks from
second phases, indicating that it is indeed a single phase
of MosSi3. Furthermore, this XRD pattern is compared
with a previously published one, as shown in Fig. 3. [12]
It can be seen from Fig. 3 that the MosSi; XRD peaks
from our study are systematically shifted to higher
Bragg angles compared to the peaks from the previously
published work, indicating that the lattice parameters of
the Mog> 75513725 (~Mo05Si3) alloy are smaller than the
previously published results (a=0.96483 nm and
¢=0.49135 nm). Indeed, a further detailed least-square
fitting to the XRD pattern shown in Fig. 2 yields lattice
parameters of a=0.959 nm and ¢=0.487 nm for
Mog3.755137.25 (~M0s5Si3).

3.2. Thermal properties

Thermal expansions as a function of temperature
along the a=[100] and ¢=[001] axes for MosSi; single
crystals are shown in Fig. 4. The thermal expansion
coefficients are essentially temperature independent
over the measured temperature range. Linear curve
fits of Fig. 4 yield the CTEs of «,=52x107%/°C
and oa.=11.5x107%/°C for MosSi; single crystals.
The coefficient of volume (bulk) expansion is
B=20,+0.=21.9x107¢/°C. The most striking feature
of the CTEs of MosSi3 single crystals is their strong
thermal expansion anisotropy, i.e. a./a,=2.2, which is
substantially different from those of typical tetragonal
high temperature structural intermetallics. The data in
Table 2 list the thermal expansion values for typical
tetragonal high temperature structural intermetallics,
e.g. MosSi;, MoSi,, and TiAl. It is found from Table 2
that MoSi, and TiAl are almost thermally isotropic,
because their values of o /o, are close to 1. A tentative
explanation was suggested by Fu et al. [13] for the
strong thermal expansion anisotropy of MosSi3, which
might be due to the difference in interatomic bonding
along the different crystallographic axes. As stated pre-
viously, the relatively strong bonded —Si—-Mo—Si— chains
in MosSi; are along the [100] and [010] directions,
inducing strong bonding among the atoms on the (001)
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Fig. 1. Laue back X-ray reflection patterns of MosSi; single crystals: (a) along [100] and (b) along [001].

Table 1
Chemical analysis results of the MosSi; alloys

Mo Si (0] N

(at.%) (at.%) (wppm) (wppm)
Starting elementals 62.50  37.50 — —
Polycrystalline MosSis 62.75  37.25 20 10
Single crystal MosSi; 62.92  37.08 10 10

plane, which make the thermal expansion/contraction
along the [100] and [010] directions difficult to occur.
Quantitative interatomic bonding results of MosSis
obtained from a first-principles total energy and elec-
tronic structure calculation support these arguments
[13]. Furthermore, thermal expansion of a solid is
caused by the anharmonic effect of lattice vibration.
Therefore, the strong anisotropy of thermal expansion
of MosSi; indicates that the anharmonicity is higher
along the [001] direction than the [100] or [010] direc-
tion. This is consistent with the calculated results of Fu
et al. [13] The strong thermal expansion anisotropy has
a negative impact on alloy processing of MosSi3, e.g.
casting and arc-melting, since the large stress at grain
boundaries induced by the anisotropic thermal contrac-
tion during cooling process can induce grain boundary
fracture. Indeed, significant grain boundary cracking
was observed in the arc-melted buttons used in this
study. Therefore, the MosSis-based materials can only
be properly studied and/or applied using: (a) single
crystals, (b) polycrystals with very smaller grain sizes, or
(¢) MosSiy properly alloyed by some elements, e.g.
boron, to avoid the grain boundary cracking problem.
[14].

3.3. Elastic properties

Fig. 5 shows a portion of the room temperature RUS
spectrum of MosSis single crystals. A high signal-to-
noise ratio and high-Q resonant peaks shown in Fig. 5
demonstrate the high quality of the specimen and the
RUS measurement. Table 3 tabulates the data fitting for
the RUS peaks shown in Fig. 5. A total of 70 RUS
peaks in the regime 0.45-1.82 MHz were fitted and a
r.m.s. error of 0.33% was obtained, indicating an excel-
lent agreement between the experimentally measured
and calculated RUS peaks. Therefore, the room tem-
perature elastic parameters obtained from this study
should be reliable.

3.3.1. Single crystal elastic parameters

Table 4 lists the single crystal elastic stiffness and
compliance constants obtained from this study. Using
these single crystal elastic parameters and formalism
developed elsewhere, [15,16], the orientation depen-
dence of the Young’s modulus of MosSi; is plotted in
Fig. 6. It was also found using these single crystal elastic
parameters [17,18] that: (a) the maximum Young’s
modulus of MosSi; is along the [110] direction,
Emax=Ep19=364 GPa, (b) the minimum Young’s
modulus of MosSi; is along the [409] direction,
Emin = E[409] =294 GPa, and (C) Emax/Emin =1.24.
Therefore, MosSi; should be the stiffest along [110] and
the most compliant along [409] in response to tension or
compression loading within the elastic regime.

Similarly, the orientation dependence of the shear
modulus of MosSis is obtained and shown in Fig. 7. It
can be seen from Fig. 7 that the lowest shear modulus is
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Fig. 3. A comparison between the XRD patterns of MosSi;: (a) the XRD pattern from this study and (b) the XRD pattern

published study.

110 GPa on the (001) plane along any direction, on the
(100) plane along [001], and on the (110) plane along
[001]. On the other hand, the shortest Burgers vector
exists on the (100) plane along [001] and on the (110)
plane along [001] in MosSi3, i.e. b=[001]. Therefore, it
is reasonable to predict that the possible dislocation slip
systems in MosSi; are (100)/[001] and/or (110)/[001].
Furthermore, a comprehensive theoretical prediction of
the deformation modes should be performed using the
lattice and crystallographic data and the single crystal
elastic parameters. [19]. Of course, all of these postu-
lates need to be verified by experimental observations.
This work is currently underway.

from a previously

Single crystal elastic parameters can also provide
valuable insight into the characteristics of interatomic
bonding through certain criteria, e.g. Cauchy’s rela-
tionships, elastic isotropic factors, Poisson’s ratios, and
¢33/cyy ratio. The Cauchy’s relationships between the
elastic stiffness constants for tetragonal crystals with
central forces are [20]

ci3 =ci4 and c¢pp = cg6

The data in Table 4 indicate that the Cauchy’s relation-
ships do not hold true for MosSi; and this fact implies
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Fig. 4. The thermal expansion as a function of temperature for
MosSij single crystals: (a) along the [100] axis and (b) along the [001]
axis.

Table 2
The thermal expansion data of typical tetragonal high temperature
structural intermetallics

Materials @, (10°6°C) & (10°5°C) B (1075°C)  ac/oy
MosSis 52 11.5 21.9 221
MoSi,® 8.2 9.4 25.8 1.15
TiAIb 9.7 9.3 32.6 0.96

a Refs. [24,17].
b Ref. [18].

that the interatomic forces in MosSiy are non-central.
However, there are relatively less difference between ¢;3
and c44 and between ¢1» and cg¢ for MosSi; comparing
with those of C11, and C40 transition metal disilicides,
[16] where the Cauchy’s relationships do not hold true
by more than a factor of 3 in some cases.

The elastic anisotropy factors of MosSi; are tabulated
in Table 5, along with those of typical tetragonal high
temperature structural intermetallics, e.g. MoSi, and
TiAl. Table 5 suggests that the elastic anisotropy factors
of MosSi5 are closer to unity than those of MoSi, and
TiAl, although these factors still indicate that MosSi; is
anisotropic in elasticity.

The Poisson’s ratios of MosSi; are tabulated in
Table 6, along with those of the typical tetragonal high
temperature structural intermetallics, e.g. MoSi, and
TiAl. The data in Table 6 clearly demonstrate that the
Poisson’s ratios of MosSi; single crystals are sub-
stantially larger than those of MoSi».

The ¢33 and c¢;; relationship of MosSi; is different
from that of C11y, transition metal disilicides, e.g. MoSi,
and W812 For MO5Si3, c33<Cq with C33/C|| =0.87.
However, for MoSi, and WSi,, c¢33>c¢;; with ¢33/
c11=1.26. [16]. This is related to the bonding strength
along the [100] and [001] axes in the two intermetallic
phases. As described above, the strongly bonded —Si—
Mo-Si— chains are along [100] and [010] directions and
the weakly bonded -Mo-Mo— and —Si-Si— chains are
along [001] in MosSi3, therefore, ¢;; should be larger
than ¢33 in this compound. On the other hand, the
strongly bonded —Si—-Mo-Si— chains are along [001] and
the weakly bonded -Mo—Mo— and -Si-Si— chains are
along [100] and [010] directions in MoSi, and WSi,,
therefore, ¢33 should be larger than ¢y in these phases.
It is generally true for tetragonal systems that a quanti-
tative comparison between c¢q; and ¢33 may provide a
qualitative comparison between the bonding strength
along the [100] and [001] axes.

Finally, the single crystal elastic constants of MosSi3
can be used to determine its mean sound velocity and
elastic Debye temperature (®p) using Eq. (1) and
Eq. (2). These values are listed in Table 7 and compared
with those of C11;, and C40 transition metal disilicides.
Table 7 indicates that MosSi; has a lower Debye tem-
perature although it has a higher melting point among
the three silicides. Therefore, MosSi; has a ®p/T,, ratio
of 0.23, which is significantly lower than those of C11,
and C40 transition metal disilicides. This fact may imply
two points for the thermal atomic vibrations in MosSis:
(a) the atomic vibrations have lower frequencies and (b)
the atomic vibrations reach a large amplitude at a lower
temperature. The impacts of these characteristics on the
mechanical behavior of MosSi3, e.g. brittle-to-ductile
transition temperature (BDTT), need to be investigated
through mechanical testing.

3.3.2. Polycrystalline isotropic elastic moduli

The isotropic elastic moduli of MosSi3 can be derived
by the Voigt, Reuss, or Hill approximation and com-
pared with those of the constituent elements and the
average values derived from the rule of mixtures. These
values are given in Table 8. It can be seen that the iso-
tropic elastic moduli and the Poisson’s ratio of poly-
crystalline MosSi5 are close to those of Mo, especially
the shear and Young’s moduli. The Poisson’s ratio of
polycrystalline MosSi; is 0.278 as shown in Table 8§,
which is substantially larger than v~0.15 of the Cl1,
transition metal disilicides and v~0.19 of the C40 tran-
sition metal disilicides. [16]
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Fig. 5. A portion of the room temperature RUS spectrum of MosSi; single crystals.

Table 3

MosSi; RUS data fitting to the RUS peaks shown in Fig. 5. fi,. and
fea. are the experimentally measured and calculated frequencies,
respectively

Number fexp. (MHz) fear. (MHz) Error (%)
1 0.909070 0.912977 0.43
2 0.930420 0.928968 —0.16
3 0.935620 0.938628 0.32
4 0.953760 0.954692 0.10
5 0.972710 0.971660 —0.11
6 1.007800 1.007425 —0.04
7 1.039800 1.042994 0.31
8 1.061800 1.059444 -0.22
9 1.085900 1.079995 —0.54
10 1.099800 1.094000 —0.53
Table 4

Room temperature elastic stiffness and compliance constants of

MosSis single crystals

(i) 1 33 13 12 4 66

446 390
2.80 3.06

140
—0.69

174
—0.87

110 140
9.09 7.14

Cij (GPa)
55 (1073 GPa~1)

The isotropic elastic moduli of MosSi3 can be used to
qualitatively examine its mechanical behavior, for
example, using the Pugh criterion. [21] Based on the
Pugh criterion, an alloy should be relatively ductile if it
has a large K/G ratio. From Table 8, MosSi; has a K/G
value of 1.92, which is larger than that of Si (1.42) and
slightly lower than that of Mo (2.08). On the other
hand, C11y, MoSi, has a K/G value of 1.09 and C40
NbSi, has a K/G value of 1.25. Although the Pugh cri-
terion should be applied to the alloys with the same

10011, (61)
KUOO]

100 200 300

-300-206-100
-100]

100 200300

-200) [o01]

010]

o

c

Fig. 6. The orientation dependence of the Young’s modulus of MosSi3
single crystals: (a) the 3-dimensional plot, (b) the Young’s moduli
along the directions perpendicular to [001], and (c) the Young’s mod-
uli along the directions perpendicular [100].

crystal structure, the comparison of these ratios may
still indicate that MosSi; has a promising mechanical
behavior. Of course, the true mechanical properties of
MosSi; are determined by its deformation modes/
mechanisms. Further mechanical testing is needed to
investigate the deformation mechanisms and mechanical
properties of MosSi;.

The specific Young’s modulus (the ratio of the
Young’s modulus to the density of a material) is an
important engineering design parameter for materials in
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Fig. 7. The orientation dependence of the shear moduli of MosSi;
single crystals on the (001) plane from [110] to [010], the (100) plane
from [001] to [010], and the (110) plane from [001] to [110].

Table 5

Elastic anisotropy factors of MosSi3, MoSi, and TiAl
Anisotropy Factors MosSis MoSi, TiAl
c33/en 0.874 1.255 0.946
C|3/C12 0.804 0.796 0.857
2¢44/(c11—C12) 0.809 1.401 2.963
2C66/(C|17€|2) 1.029 1.345 1.235

Table 6

The Poisson’s ratios of MosSi3, MoSi, and TiAl

Poisson’s Ratios MosSis MoSi, TiAl
V31 = —813/833 0.2255 0.1780 0.2900
V2= —S12/811 0.3107 0.2570 0.2609
V3= —S13/811 0.2464 0.1360 0.3188
Table 7

The mean sound velocities and the Debye temperatures of MosSis,
MoSi, and NbSi,

Materials Density (gcm ™) vy (ms™)  Op (K) Op/Ty

MosSis 8.19 4317 566 0.2307

MoSi?* 6.30 6097 760 0.3314

NbSi? 5.70 5727 688 0.3137
@ Ref. [16].

Table 8

The isotropic elastic moduli and Poisson’s ratio of MosSi3. K is the
bulk modulus, G the shear modulus, E the Young’s modulus, and v the
Poisson’s ratio

Materials K (GPa) G (GPa) E (GPa) v

Mo# 259.7 125.0 3232 0.293
Si# 97.9 68.1 1629 0.225
MosSis: averaged values 199 104 263 0.268
MosSi;: Hill approximation 242 126 323 0.278

4 Compiled from the data in Refs. [24,25].

aerospace applications. MosSi; has a specific Young’s
modulus of about 40 GPa/(gcm™3), which is higher
than those of nickel aluminides (25-32 GPa/(gcm™?)),
comparable with titanium aluminides (30-50 GPa/
(gecm™3)), and lower than those of MoSi, and NbSi,
(65-70 GPa/(gcm™3)).

3.4. Mechanical properties

Fig. 8(a) shows the orientation dependence of the
room temperature Vickers hardness, calculated from
Eq. (3), on the (100) and (001) planes of MosSis single
crystals. The hardness on these planes of MosSis is not
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Fig. 8. The orientation dependence of (a) the room temperature
Vicker’s hardness and (b) the indentation fracture toughness on the
(100) and (001) planes of MosSis single crystals. (100)[011] means the
indentation is on the (100) plane and one indenter edge is parallel to
[011].
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Fig. 9. SEM micrographs of the indentation impressions and the associated cracks on MosSi; single crystals: (a) on the (100) plane and one indenter
edge is parallel to [011], (b) on the (100) plane and one indenter edge is parallel to [010], (c) on the (001) plane and one indenter edge is parallel to

[110], and (d) on the (001) plane and one indenter edge is parallel to [100].

significantly orientation dependent and the hardness has
large values around 1200 kgmm~™2, which are sub-
stantially higher than those of MoSi, single crystals (600—
900 kgmm—2, depending on the testing orientations) [22]
and those of NbSi, single crystals (~700 kgmm™2,
depending on the testing orientations). [23] It is inter-
esting to note that there is a noticeable difference
(~10%) between the hardness on the same (001) plane
but with different indenter diagonal orientations.

Fig. 8(b) demonstrates the orientation dependence of
the indentation fracture toughness, roughly estimated
from Eq. (4), on the (100) and (001) planes of MosSis
single crystals. It can be seen from Fig. 8(b) that the
room temperature indentation fracture toughness on
these planes of MosSi; is within 2-2.5 MPa,/m, show-
ing a minor orientation dependence. These values are
comparable with those of MoSi, single crystals on some
orientations. [22] It is also interesting to note that there
is a noticeable difference (~10%) between the fracture
toughness on the same (001) plane but with different
indenter diagonal orientations.

SEM micrographs of the indentation impressions and
the associated cracks on the (100) and (001) planes with

two indenter diagonal orientations are shown in Fig. 9.
Dislocation slip traces are not observed near the indent
impressions, suggesting that dislocation slip may not be
operative for these mechanical loading at ambient tem-
perature in MosSi;. It can be seen from Fig. 9 that the
cracks are generated at the four corners of the indent
impression and no secondary cracks are observed for
MosSi3. On the other hand, cracks may be generated at
only two corners of some indent impressions and sub-
stantial secondary cracks are observed for MoSi,. [22]
Therefore, the fracture behavior of MosSiz may be less
anisotropic than that of MoSi,. The most striking fea-
ture is that the indentation shapes on the (001) plane are
completely different, as shown in Fig. 9(c) and (d), for
the two different indenter diagonal orientations. This
may be responsible for the noticeable differences
(~10%) in the hardness and fracture toughness for
these indentations as mentioned above. It is important
to understand the reason(s) why such a significant dif-
ference exists in the plastic response to the same loading
by considering the elastic properties and examining the
plastic deformation mechanisms in MosSi3. This work is
currently under way.
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4. Conclusions

Ultra-high temperature intermetallic, MosSiz;, has
been studied by single crystal growth, physical property
measurement and mechanical testing. Three primary
conclusions have been reached:

1. High purity MosSis single crystals have been syn-
thesized by both the optical floating zone and the
Czochralski methods. Alloy processing and single
crystal growth result in a minimal silicon loss of less
than 0.5 at.%. The oxygen and nitrogen impurities
are minimal (~10 wppm) in the single crystals.

2. Physical properties of MosSi; have been experi-
mentally measured, including:

(a) MosSi; has a Dgy, structure with lattice para-
meters of a=0.959 nm and ¢=0.487 nm,
which are slightly smaller than the previously
published results.

(b) MosSi; has the CTEs of a,=5.2x107%/°C
and «.=11.5x107%/°C, showing a strong
thermal expansion anisotropy (o/o,=2.2).
The strong thermal expansion anisotropy is
related to the difference in bonding along the
[100] and [001] directions. The thermal expan-
sion anisotropy results in grain boundary
cracking in the alloy processing of Mo5Si;.

(¢) MosSi; has room temperature single crystal
elastic constants of ¢;;=446, c¢33=390,
C13=— 140, Cip= 174, Cqq4 = 110, and Co6— 140
GPa, respectively. Analysis of the Cauchy’s
relationships, Poisson’s ratios, and elastic
anisotropic factors indicate that MosSi; is less
anisotropic in elasticity than typical tetra-
gonal intermetallics, e.g. MoSi, and TiAl. The
orientation dependence of the Young’s mod-
ulus reveals that the MosSi; is the stiffest
along [110] and the most compliant along
[409] under tension/compression loading
within elastic regime. The orientation depen-
dence of the shear modulus suggests that the
(100)/[001] and/or (110)/[001] are favorable
dislocation slip systems in MosSis.

3. Results of the room temperature Vickers indenta-
tion tests on the (100) and (001) planes reveal that
MosSi; single crystals have a hardness of around
1200 kg mm~2, which is larger than that of MoSi,,
and a fracture toughness above 2 MPa,/m, which
is comparable to that of MoSi,. Plastic responses
(the shape of indent impression) to the (001)
indentations with two different indenter diagonal
orientations are significantly different, resulting in
a noticeable difference in the corresponding hard-
ness and fracture toughness.
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